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HIGHLIGHTS 


• An integrated process was built for utilization of spent mushroom substrate (SMS). 

• Alkali pretreatment of SMS was investigated for the first time. 

• Direct recycle of spent alkali liquor to reduce the cost of pretreatment. 

• Combined alkali and acid pretreatment-enzymatic hydrolysis process was proposed. 

• SMS residue from enzymatic hydrolysis was used for biofertilizer production. 
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Spent mushroom substrate (SMS) was pretreated with alkaline reagents including potassium hydroxide, 
lime and ammonia to enhance enzymatic saccharification. Under the best pretreatment conditions (1 M 
KOH, 80 °C, 90 min; 1 M lime, 80 °C, 120 min; 10 M ammonia, 70 °C, 120 min), the total reducing sugar 
(TRS) yield reached 258.6, 204.2 and 251.2 mg/g raw SMS, which were respectively 6.15, 4.86, and 
5.98 times of untreated SMS. The effects of pretreatment by above alkaline reagents and sulfuric acid 
on the composition and structure of SMS were evaluated to provide comparative performance data. A 
new process, combined alkali and acid (CAA) pretreatment followed by enzymatic hydrolysis, was inno- 
vatively proposed to improve the cost-effectiveness and avoid environmental problems. The SMS residue 
after CAA pretreatment-enzymatic hydrolysis process was converted to biofertilizer with Pichia farinose 
FL7 and a cell density of 3.0 x 10 s efu/g in biomass was attained. 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

The spent mushroom substrate (SMS) is a lignocellulosic 
byproduct of the mushroom industry. As estimated, there are 
about 2 million tons of SMS produced in China each year (Qiao 
et al., 2011 ), however, most of the SMS have been burnt for energy, 
which is neither environment-friendly nor economic. Furthermore, 
the lack of sustainable utilization strategies has greatly restricted 
the development of the mushroom industry (Finney et al., 2009). 
As a kind of lignocellulosic materials, SMS could be a source of 
reducing sugars for producing biofuels and other value-added bio¬ 
materials (White et al., 2008; Kaparaju et al., 2009). However, pre¬ 
treatment by removing lignin and hemicellulose and breaking 
down the cellulose crystalline structure is required to overcome 
the problems caused by biomass recalcitrance for an effective cel¬ 
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lulose conversion process. (Sun and Cheng, 2002; Himmel et al., 
2007). 

Sulfuric acid has been used to pretreat SMS by Qiao et al. (2011) 
and Kapu et al. (2012). The sulfuric acid pretreatment method in¬ 
volves high process temperature, which leads to high energy input 
and may also cause degradation of useful sugars and formation of 
fermentation inhibitors (Oliva et al„ 2006; Panagiotou and Olsson, 
2007). Compared to acid pretreatment strategy, alkali pretreat¬ 
ment generally proceeds under lower temperatures and pressures 
and its efficiency depends on the nature of the biomass feedstock, 
especially the lignin content (McMillan, 1994). Sodium hydroxide, 
ammonia and lime have been widely employed as alkaline pre¬ 
treatment agents in lignocellulosic biomass and have been proved 
efficient at mild conditions (McIntosh and Vancov, 2010; Wu et al., 
2011; Kim and Lee, 2005; Ko et al., 2009; Chang et al., 1997; Xu 
et al., 2010). In this study, we reported reducing sugar yields from 
SMS using three different alkaline reagents including potassium 
hydroxide (KOH), ammonia and lime under mild conditions for 
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the first time. The effects of pretreatment by above alkaline re¬ 
agents and sulfuric acid on the composition and structure of SMS 
were also evaluated to provide comparative performance data. 

Costs and pollution are the main problems during the process of 
converting lignocellulose to reducing sugars. For conventional acid 
or alkali pretreatment-enzymatic hydrolysis process, the solid-li¬ 
quid mixture has to be separated by filtration after pretreatment 
and then the solid fraction must be washed to remove the remain¬ 
ing alkali or acid. Furthermore, buffer is required for enzymatic 
hydrolysis to maintain a stable pH environment. All these proce¬ 
dures increase the cost of the pretreatment process. Moreover, 
the discharge of the spent pretreatment liquid will cause environ¬ 
mental problems such as water and soil contamination. In this re¬ 
search, in order to overcome these deficiencies, a cost-effective and 
zero-emission process, combined alkali and acid (CAA) pretreat¬ 
ment followed by enzymatic hydrolysis, was innovatively pro¬ 
posed to perform on SMS for reducing sugar production. In CAA 
pretreatment-enzymatic hydrolysis process, the resulting slurries 
after alkali and acid pretreatment respectively were mixed to¬ 
gether to practice enzymatic hydrolysis. Therefore, this method 
without filtration, washing, buffer addition and spent liquid emis¬ 
sion would have a good economic and environmental prospect. 

Biofertilizers have been found to enhance crop yield and pro¬ 
mote the sustainable development of agriculture industry. In our 
previous work, SMS was converted to biofertilizer using a stress- 
tolerant phosphate-solubilizing Pichia farinose FL7, which signifi¬ 
cantly improved the growth of soybean in pot experiments, dem¬ 
onstrating a tremendous potential in agricultural application 
(Zhu et al., 2012). However, 1.5% corn flour was added to provide 
nutritions during the biofertilizer preparation process, which in¬ 
creased production costs considerably. In this research, the SSF 
medium was prepared mainly from SMS residue after CAA pre- 
treatment-enzymatic hydrolysis process, which was added as 
nutrients as well as a solid carrier for the growth of P. farinose 
FL7. The SMS hydrolysates containing reducing sugars served as 
a carbon source for P. farinose FL7 growth was added to the SSF 
medium. This design of SSF medium not only reduced the produc¬ 
tion costs greatly, but could supply phyto-essential elements 
remaining in SMS hydrolysates, such as ammonium, sulfate and 
potassium, which further enhanced the biofertilizer efficacy in pro¬ 
moting plant growth. 

Therefore, the objectives of this research were to: (1) evaluate 
the TRS released from SMS with alkali pretreatment followed by 
enzymatic hydrolysis, (2) study the composition and structure 
change of SMS after alkali pretreatment, (3) investigate the efficacy 
of CAA pretreatment-enzymatic hydrolysis process and (4) deter¬ 
mine the feasibility of cultivating P. farinose FL7 using SMS residue 
and hydrolysates after CAA pretreatment-enzymatic hydrolysis 
process for biofertilizer production. To the best of our knowledge, 
this is the first research reporting biofertilizer production using 
biomass residue from enzymatic hydrolysis. 


2. Methods 

2.1. Materials 

SMS, the substrate after harvesting Pleurotus ostreastus, was ob¬ 
tained from Tianjin, PR China. The mushroom substrate used for 
planting P. ostreastus was composed of field hay, wheat straw, corn 
cobs and cotton seed hulls. SMS was ground to a particle size of 
800 pm after drying and then stored in air-tight container at 4 °C 
for further use. Cellulase (NS50013) and xylanase (NS50014) prep¬ 
arations were kindly supplied by Novozymes A/S (Beijing, PR Chi¬ 
na). Enzyme activities as described by supplier are 70 FPU (Filter 
Paper Unit)/g and 600 XU (Xylanase Unit)/g respectively. All other 


chemicals used in this study were of analytical grade and pur¬ 
chased from Sigma Chemical Company (Shanghai, PR China). 

2.2. Pretreatment 

To evaluate the effect of pretreatment parameters (tempera¬ 
ture, time, and alkali concentration) in alkali pretreatment, a 
4x4x4 factorial design was applied. KOH, ammonia and lime 
at temperatures of 50, 60, 70 and 80 °C in a static water bath were 
used to pretreat milled SMS samples at a solid loading of 10% (w/v) 
with pretreatment times of 30, 60, 90 and 120 min respectively. 
KOH and lime at concentrations of 0.25, 0.5, 0.75 and 1 M and 
ammonia at concentrations of 1, 5,10 and 15 M were investigated. 
After alkali pretreatment, the samples were adjusted to room tem¬ 
perature and filtered through 0.2 pm nylon filter. Pretreated solids 
were washed with deionized water until the filtrate registered a 
neutral pH and dried at 105 °C for compositional analysis or enzy¬ 
matic hydrolysis experiment. 

The reuse of the spent KOH pretreatment liquid was conducted 
at 80 °C for 90 min with the solid loading of 10% (w/v). The filtrate 
was saved for pretreating the next batch of SMS at the same con¬ 
ditions. The reuse process was conducted four times. 

The dilute sulfuric acid pretreatment of SMS was performed 
likewise except that an oil bath was employed. According to previ¬ 
ous study (Qiao et al., 2011), the dilute sulfuric acid pretreatment 
was carried out under the optimal condition: temperature of 
120 °C, concentration of 4%, pretreatment time of 120 min and so¬ 
lid to liquid rate of 1:16. All pretreatment experiments were car¬ 
ried out in triplicates. 

2.3. Enzymatic hydrolysis 

Three grams of alkali pretreated samples (dried at 105 °C for 
6 h) were mixed with the 20 FPU cellulase and 200 XU xylanase 
per g solids, 60 ml of 50 mM acetate buffer (pH 4.8) was added, 
and the samples were incubated at 40 °C in a shaker bath for 
72 h. After enzymatic hydrolysis, the samples were filtered 
through a filter paper and sugar analysis was performed on the 
supernatant. 

The enzymatic hydrolysis of the dilute sulfuric acid pretreated 
SMS was performed under the same conditions. The CAA pretreat¬ 
ment-enzymatic hydrolysis process was detailed in Section 3.6. All 
enzymatic hydrolysis experiments were carried out in triplicates. 

2.4. Analytical methods 

2.4.1. Composition and sugar analysis 

The lignin content of raw and pretreated SMS were determined 
according to National Renewable Energy Laboratory (NREL) stan¬ 
dard methods Sluiter et al. (2008). Cellulose and hemicellulose 
content was determined by high performance liquid chromatogra¬ 
phy (HPLC) analysis using a Bio-Rad Aminex HPX-87P column and 
a refractive index detector (SHODEX). Sugars were analyzed at 
65 °C using 0.00004% H 2 S0 4 as the mobile phase (0.6 ml/min). To¬ 
tal reducing sugar (TRS) were determined using 3,5-dinitrosalicylic 
acid (DNS) method (Miller, 1959). All analyses were performed in 
triplicates. 

2.4.2. Scanning electron microscopy (SEM) analysis 

The structural differences in the lignocellulosic morphology of 
untreated and pretreated SMS were taken by scanning electron 
microscope (Hitachi S-4800, Tokyo, Japan). All images were taken 
at a magnification of 500 x. The specimens to be coated were 
mounted on a conductive tape and coated with gold palladium 
using a JEOL-JFC-1200 fine coater and observed using a voltage of 
10 kV. 


H.-J. Zhu et al./Bioresource Technology 136 (2013) 257-266 


259 


2.4.3. X-ray diffraction (XRD) analysis 

The dry samples untreated and pretreated SMS were pressed 
into disks for XRD analysis performed with a Bruker AXS system. 
The diffracted intensity of Cu K a radiation (2 = 0.1542 nm; 40 kV 
and 30 mA) was measured in a 20 range between 10° and 30°. 
The cellulose crystallinity index (CrI) was calculated using the 
empirical method of Segal et al. (1959): 

CrI (%) = [(/ 0 02 - lam)/I 0 02 ] X 100 

where I 002 is the intensity of 002 peak at 20 of 22.8°; I am is the 
intensity attributed to amorphous portion at 20 of 18°. 

2.5. Biofertilizer preparation 

With addition of SMS hydrolysates, solid residue from enzy¬ 
matic hydrolysis were converted to biofertilizer using P. farinose 
FL7 by semi-solid fermentation (SSF). The SSF medium was pre¬ 
pared from dried SMS residue, hydrolysates and deionized water. 
10, 20, 30, 40, 50 and 60 g hydrolysates which had been neutral¬ 
ized were added to 30 g dried SMS residue respectively in 250 ml 
Erlenmeyer flasks and deionized water was added to maintain an 
initial moisture content of 70%. Fermentation was performed by 
inoculating tested strain FL7 at about 1 x 10 6 cfu into the SSF med¬ 
ia. The compost was turned over every 8 h for 10 days. Moisture 
content was determined by drying samples at 105 °C to a constant 
weight. Fungal growth was estimated by counting colony-forming 
units on agar plates. All the experiments were conducted in 
triplicates. 

3. Results and discussion 

3.1. Composition of SMS 

The composition of SMS was related to the original ingredients 
of mushroom substrate (MS) and changes during mushroom culti¬ 
vation process. Adopting the NREL protocol, SMS used in this study 
contained approximately 38.7% cellulose, 18.4% hemicelluloses and 
20.2% lignin (Table 1 ) which were all lower than that in MS, espe¬ 
cially hemicellulose. This might because hemicellulose is more sus¬ 
ceptible to degradation than cellulose and lignin during the 
cultivation of P. ostreastus. Compared to other commonly used bio¬ 
mass for sugar production, such as corn stover and sorghum ba¬ 
gasse, SMS had higher lignin content (Table 1). Although this 
might lead to a more recalcitrant structure in SMS, its abundance 
and considerable disposal cost for the mushroom industry pro¬ 
vided pressing needs to make effective use of SMS as a feedstock. 
Moreover, the large amount of holocellulose content (57.16%) 
showed its great potential to produce reducing sugars. 

3.2. Effects of alkali pretreatment on TRS yield of SMS 

Although alkali pretreatment could be performed at a wide 
range of conditions, moderate pretreatment severity (temperature: 


Table 1 

Composition of SMS. 


Component 

Composition (%) 


MS C 

Corn stover 3 

Sorghum bagasse 5 

SMS C 

Cellulose 

37.8 

38.7 

38.7 

42.4 

Hemicellulose 

28.1 

22.6 

18.4 

24.7 

Lignin 

17.8 

15.4 

20.2 

22.4 


a Reported by Yang and Wyman (2004). 
b Reported by Wu et al. (2011). 
c Data are averages of triplicates. 


50-80 °C; pretreatment time: 30-120 min) was selected in this 
study to improve the cost-effectiveness. The enzymatic hydrolysis 
of both cellulose and hemicellulose in pretreated SMS was critical 
for reducing sugar production. The TRS yield after enzymatic 
hydrolysis provided a measure of pretreatment effectiveness. Most 
other studies calculated the sugar production or conversion rate 
which was based on the amount of pretreated feedstock to evalu¬ 
ate pretreatment effect. Although they reported high sugar yield or 
conversion rate, they failed to take the cellulose and hemicellulose 
loss in pretreatment process into consideration. In this study, TRS 
yield resulted from per g of raw SMS was used which could reflect 
the comprehensive utilization rate of raw SMS. This section of 
work not only optimized the pretreatment condition for maximum 
TRS yield but examined the relationship between pretreatment 
conditions and enzymatic hydrolysis of pretreated SMS. Accoding 
to our previous study (Qiao et al., 2011 ), enzyme doses (20 FPU cel- 
lulase, 200 XU xylanase per g of solids) were applied to perform 
enzymatic hydrolysis at 40 °C for 72 h. 

Elevation in temperature, alkali concentration and pretreat¬ 
ment time all increased TRS yield during KOH pretreatment 
(Fig. la). Temperature and KOH concentration had more significant 
impact than pretreatment time. An increase in temperature obvi¬ 
ously improved TRS yield, which demonstrated that pretreatment 
at higher temperature was more acquiescent to enzymatic hydro¬ 
lysis. While the pretreatment time and KOH concentration were 
fixed at 60 min and 1 M, the TRS yield was 209.2 mg/g and 
244.3 mg/g raw SMS respectively at temperature of 50 and 70 °C, 
whereas the TRS yield showed little change as temperature in¬ 
creased from 70 to 80 °C, which indicated that further increase of 
temperature would not be conductive to releasing more TRS. In¬ 
crease in concentration could improve TRS yield to varying de¬ 
grees. Similar sugar yield in response to temperature and alkali 
concentration had been reported by McIntosh and Vancov 
(2010). Extending pretreatment time from 30 to 90 min obviously 
increased TRS yield. However, no apparent difference between the 
90 and 120 min pretreatments was observed, which demonstrated 
pretreatment time of 90 min was sufficient for an effective KOH 
pretreatment process. Pretreating SMS with 1 M KOH for 90 min 
at 80 °C followed by enzymatic hydrolysis attained the highest 
TRS yield of 258.6 mg/g raw SMS, 6.15 times that of untreated SMS. 

Lime was one of the most promising pretreatment reagents due 
to its proven effectiveness and low cost. As shown in Fig. lb, in¬ 
creases in temperature, time and concentration all improved enzy¬ 
matic saccharification of lime pretreated SMS. Pretreating SMS 
with 1 M lime for 120 min at 80 °C, followed by enzymatic hydroly¬ 
sis, led to the highest TRS yield of 204.2 mg/g raw SMS, 4.86 times 
that of untreated SMS. However, with the same pretreatment time 
and concentration, only 118.5 mg/g raw SMS which declined by 
nearly half was attained at the low temperatures of 50 °C. An obvi¬ 
ous rise of TRS yield with increasing pretreatment time at 50 °C was 
shown in Fig. lb, which suggested that there were potentials of 
releasing more sugars under low temperature by extending pre¬ 
treatment time. Xu et al. (2010) reported that the pretreatment ef¬ 
fect of 50 °C, 24 h was comparable to that of 121 °C, 30 min using 
the same lime loading for switchgrass. In other researches of lime 
pretreatment (Chang et al., 1997; Xu et al., 2010), low lime loading 
of 0.1 g/g biomass was applied considering its poor solubility in 
water. Interestingly, although the lime usage in this study was be¬ 
yond the amount required for maintaining the saturated lime solu¬ 
tion, the increase of lime usage still improved TRS yield followed by 
enzymatic hydrolysis which proved the insoluble lime also took ef¬ 
fect in an efficient pretreatment process. Taking the low price of 
lime into consideration, increasing lime usage to improve the pre¬ 
treatment effect was practicable. 

As shown in Fig. lc, at all combinations of pretreatment time 
and temperature, TRS yield increased rapidly with increasing 
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Pretreatment time (min) 

Fig. 1 . TRS release from (a) KOH, (b) lime, (c) ammonia pretreated (10%, w/v) and enzyme hydrolyzed (40 °C, pH 4.8,72 h) SMS presented as a function of alkali concentration, 
temperature and pretreatment time. The enzyme dose was 20 FPU cellulose and 200 XU xylanase per g solids. Sugar yields were expressed as mg/g raw SMS. Displayed data 
represented averages of three independent experiments. 
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ammonia concentration from 1 to 10 M. However, it reduced to 
varying degrees as the ammonia concentration increased from 10 
to 15 M. It was worthwhile to note that TRS yield had no significant 
change as the temperature increased from 50 to 80 °C, which was 
different with KOH and lime pretreatment process. This suggested 
further increase of temperature wound not help promote enzy¬ 
matic hydrolysis for ammonia pretreatment. TRS yield increased 
significantly as the pretreatment time extended from 30 to 
120 min, which demonstrated pretreatment time also played an 
important role in the ammonia pretreatment process. This indi¬ 
cated that further studies needed to be done to determine whether 
the TRS yield could get a significant improvement with a longer 
pretreatment time and the increased TRS yield could potentially 
compromise the cost-effectiveness of shorter pretreatment time. 
Pretreatment with 10 M ammonia for 120 min at 70 °C resulted 
in a maximum TRS yield of 251.2 mg/g raw SMS which was 5.98 
times that of untreated SMS. However, pretreatment at 50 °C with 
the same ammonia concentration and time led to 249.2 mg/g raw 
SMS, only 2.0 mg/g lower than that that at 70 °C. Thus, from the 
point of view of energy-saving, pretreatment with 10 M ammonia 
concentration for 120 min at 50 °C could be used in industrial 
application. 

As shown in Table 2, the reducing sugars obtained by enzymatic 
hydrolysis mainly consisted of glucose, xylose and a small amount 
of arabinose. Hydrolysis of KOH, lime, ammonia pretreated sam¬ 
ples resulted in a significant increase of glucose yield which was 

9.2, 8.1 and 9.8 times that of untreated SMS, respectively. This indi¬ 
cated that the increased TRS yield after alkali pretreatments was 
mainly attributed to the improvement of cellulose conversion. 
The result in Table 2 suggested alkali pretreatment had a limited 
impact on hemicellulose digestibility with a highest xylose yield 
of 53.7 mg/g raw SMS from KOH pretreatment, 2.9 times that of 
untreated SMS. Other monosaccharide sugars derived from hemi¬ 
cellulose, such as galactose and mannose, were also measured 
but not reported due to their low concentrations in hydrolysates. 

3.3. Effects of alkali pretreatment on the composition and structure of 
SMS 

KOH, lime and ammonia pretreated samples under optimal pre¬ 
treatment conditions which led to maximum TRS yield respec¬ 
tively were chosen for analyzing the composition and structure 
change. Sulfuric acid pretreated SMS sample was also investigated 
for comparison. 

The pretreatment results expressed as solid loss and removal of 
three main chemical components (cellulose, hemicellulose and lig¬ 
nin) in each pretreatment were listed in Table 3. Sulfuric acid pre¬ 
treatment caused the greatest solid loss of 42.4% followed by KOH 
(37.5%) and then ammonia (34.2%). The lowest reduction in solids 
(only 25.6%) was observed after lime pretreatment probably be¬ 
cause lime acted as a weak base due to its poor solubility in water. 
The solid loss was mainly caused by the solubilization of compo¬ 
nents such as lignin, hemicellulose and other soluble extractives 


Table 2 

Sugar analysis in enzymatic hydrolysates of pretreated SMS. 


Pretreatment 3 

Sugar yield (mg/g raw SMS) 


Glucose 

Xylose 

Arabinose 

TRS 

Untreated 

22.1 

18.5 

1.5 

42.1 

KOH 

203.4 

53.7 

2.3 

258.6 

Lime 

179.4 

22.3 

1.6 

204.2 

Ammonia 

215.6 

32.1 

2.5 

251.2 


All data are averages of triplicates. 

a Pretreatment conditions: 1 M KOH, 80 °C, 90 min; 1 M lime, 80 °C, 120 min; 
10 M ammonia, 70 °C, 120 min. 


Table 3 

Solid loss, removal of three main components (cellulose, hemicellulose and lignin) 
and CrI of SMS samples. 


Pretreatment 3 

Solid loss b 

(%) 

Removal rate b (%) 

Cellulose Hemicellulose 

Lignin 

Crl (%) 

Untreated 

- 

_ 

_ 

_ 

37.8 

KOH 

37.5 

4.4 

6.7 

69.5 

58.4 

Lime 

25.6 

1.6 

3.2 

31.2 

47.5 

Ammonia 

34.2 

7.3 

33.3 

54.2 

32.6 

Sulphuric acid 

42.4 

7.6 

84.7 

8.5 

59.6 


All data are averages of triplicates. 

a Pretreatment conditions: 1 M KOH, 80 °C, 90 min; 1 M lime, 80 °C, 120 min; 
10 M ammonia, 70 °C, 120 min; 4% (w/w) sulphuric acid, 120 °C, 120 min. 
b Values based on the initial dried weight of SMS. 


in SMS. Alkali (KOH, lime and ammonia) pretreatments caused 
only minor cellulose removal; higher than 92% cellulose of raw 
SMS was recovered which indicated that under moderate condi¬ 
tions alkali pretreatment resulted in little cellulose loss. The re¬ 
moval of hemicellulose and lignin were greatly different. KOH 
and lime pretreatment resulted in slight hemicellulose removal 
of 6.7% and 3.2% respectively, whereas ammonia 33.3%. KOH and 
ammonia pretreatment significantly removed the lignin content 
(69.5% and 52.4%, respectively) followed by lime (31.2%). An appar¬ 
ent correlation between lignin removal and TRS yield of alkali pre¬ 
treated SMS samples was observed. More detailed investigation 
was carried out to examine whether lignin removal played a cru¬ 
cial role in enhancing enzymatic saccharification of alkali pre¬ 
treated SMS in Section 3.4. In contrast, pretreatment with 
sulfuric acid had minor impact on the amount of lignin and cellu¬ 
lose but effectively removed 84.7% of hemicellulose which indi¬ 
cated sulfuric acid mainly hydrolysed the hemicellulose fraction 
of lignocellulosic biomass. The improvement in enzymatic hydro¬ 
lysis of sulfuric acid pretreated SMS over untreated feedstock 
(Kapu et al„ 2012) could be largely attributed to the removal of 
hemicellulose. Similar conclusions were previously reported by Ka- 
bel et al. (2007) for wheat straw and Kumar et al. (2009) for corn 
stover. 

SEM images of untreated and pretreated SMS samples were 
shown in Supplementary Fig. SI. The untreated SMS sample dis¬ 
played a flat, compact and smooth surface, indicating a highly reg¬ 
ular structure, while all the alkali and acid pretreated samples 
showed a loose and disordered structure and missed some parts 
of the outer surface compared with the images for untreated sam¬ 
ples. The SEM images showed how the structure of native SMS 
changed after the pretreatment, which increased the surface area 
for enzymatic hydrolysis. Identical observations were earlier re¬ 
ported by Ko et al. (2009) for rice straw with ammonia and Sindhu 
et al. (2011) for sugarcane tops with dilute sulfuric acid. 

Crystallinity was believed to be an important feature affecting 
enzymatic hydrolysis of lignocellulosic biomass (Fan et al., 1980). 
Reducing the crystallinity of the cellulose considerably improved 
the enzymatic hydrolysis efficiency of pure cellulose (Hall et al., 
2010). However, when it comes to lignocellulosic biomass, the 
relationship between cellulose crystallinity and enzymatic hydro¬ 
lysis was more complicated due to its more complex components 
and structure. XRD profile of untreated, alkali pretreated and sulfu¬ 
ric acid pretreated SMS were shown in Supplementary Fig. S2. Two 
typical diffraction peaks were observed at 20 = 15.0° and 22.8° for 
all the samples, which corresponded to (101) and (002) lattice 
planes of crystalline cellulose 1. Compared to raw SMS, the peak 
(1 01) and peak (002) of alkali pretreated samples all became weak 
and narrow, while the acid pretreated sample presented a similar 
peak (101) and broader peak (002). The CrI values were deter¬ 
mined based on the XRD patterns and depicted in Table 3. The 
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CrI of untreated ample was 37.8% due to the high content of amor¬ 
phous substances such as lignin and hemicellulose present in the 
sample. The CrI of KOH and lime pretreated SMS was raised to 
58.4% and 47.5%. The increase was mainly caused by the removal 
of amorphous components such as lignin which increased the rel¬ 
ative amount of crystalline matter. The result also suggested that 
during the moderate conditions in KOH and lime pretreatment 
process, there were little destruction to the crystal structure of cel¬ 
lulose. The slight Crl increase of lime pretreatment was earlier re¬ 
ported by Chang and Holtzapple (2000). Ammonia pretreatment 
caused some decline of Crl, which indicated that under high con¬ 
centration of ammonia (10 M), the crystalline structure of cellulose 
was disrupted. Wu et al. (2011) reported that the Crl of alkali pre¬ 
treated bagasse showed a tendency to decline with increasing alka¬ 
li concentration. After sulfuric acid pretreatment, the Crl of SMS 
sample increased to 59.6%, which was probably caused by the sig¬ 


nificant removal of hemicellulose. Similar Crl increase of acid pre¬ 
treated samples has been reported by Sindhu et al. (2010, 2011) for 
sugarcane bagasse and sugarcane tops. 


3.4. Effect of lignin and hemicellulose removal on SMS enzymatic 
hydrolysis improvement 

Lignin was one of the major barriers for enzymatic hydrolysis 
(Chang and Holtzapple, 2000). The limitation to enzymatic hydro¬ 
lysis was typically from three aspects: blocking the accessibility of 
enzyme, adsorbing the enzyme and forming lignin-carbohydrate 
complex. Thus, the removal of lignin could efficiently improve 
enzymatic hydrolysis (Yang and Wyman, 2004; Yu et al., 2011). Be¬ 
sides, the removal of hemicellulose had also been reported to en¬ 
hance enzymatic saccharification (Mussatto et al., 2008). 




Fig. 2. Correlation between lignin (a) and hemicellulose; (b) removal and enzymatic digestibility of alkali pretreated SMS. 
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Fig. 3. Effect of direct recycle of KOH solution on pH value and TRS yield. pH value was measured before pretreatment. Recycle time 1 indicated that the KOH solution was 
fresh (concentration of 1 M). Recycle time 2 indicated the KOH solution had been used for 1 batch pretreatment and the rest was deduced by analogy. 
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Fig. 4. Input-output diagrams of (a) conventional acid or alkali pretreatment-enzymatic hydrolysis process and (b) CAA pretreatment-enzymatic hydrolysis process. 


Within each alkali pretreatment trial, 12 pretreated samples 
were randomly selected to examine the relationship between lig¬ 
nin and hemicellulose removal and enzymatic digestibility of alkali 
pretreated SMS, regardless of specific pretreatment conditions (al¬ 


kali concentration, pretreatment time and temperature). Based on 
the theoretical maximum yield of glucose and xylose, enzymatic 
digestibility was defined as follows: 


Enzymatic digestibility 


(0.9 x glucose + 0.88 x xylose) in enzymatic hydrolysates ^ 

(glucan + xylan) in pretreated SMS 
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Fig. 5. Mass balance of the overall CAA pretreatment-enzymatic hydrolysis process. 


The enzymatic digestibility of alkali pretreated SMS as a func¬ 
tion of lignin removal was presented in Fig. 2a. Pretreatments with 
the three alkaline reagents (KOH, lime and ammonia) all obtained 
an obverse correlation between the two variables with a correla¬ 
tion coefficient of 0.6562, 0.7157 and 0.7691, respectively, which 
indicated that the efficiency of enzymatic hydrolysis obviously in¬ 
creased with the rise of lignin removal. These correlation coeffi¬ 
cients were close to that of other researches such as sodium 
hydroxide pretreatment of sorghum bagasse (Wu et al., 2011), lime 
pretreatment of corn stover (Kim and Holtzapple, 2006) and 
ammonia pretreatment of rice straw (Jung et al., 2011). The slight 
difference was probably owing to the different physical structures 
and chemical natures of feedstocks. Compared with KOH pretreat¬ 
ment, ammonia pretreated SMS showed comparable enzymatic 
digestibility with lower lignin removal. This further confirmed 
the removal of hemicellulose and decline of cellulose crystallinity 
could enhance enzymatic saccharification significantly. It was 
important to note that enzymatic digestibility increased more 
sharply under high delignification conditions in KOH pretreatment, 
which suggested that further studies on delignification were criti¬ 
cal to achieving ideal enzymatic digestibility. 

The effect of hemicellulose removal on enzymatic digestibility 
was also investigated. As shown in Fig. 2b, for ammonia pretreat¬ 
ment, hemicellulose removal ranged from 20.1% to 34.8%. As the 
removal of hemicellulose increased, enzymatic digestibility in¬ 
creased proportionally with a correlation coefficient of 0.4761. This 
indicated the removal of hemicellulose was also beneficial for 
improving enzymatic saccharification of SMS but the relevance 
was smaller compared with lignin. However, no obvious relation¬ 
ship between hemicellulose removal and enzymatic digestibility 
was found in KOH and lime pretreatment probably due to their 
low hemicellulose removal. 

3.5. Direct recycle of spent alkali liquor 

An efficient method to reduce the pretreatment cost was direct 
recycle of the pretreatment liquor. As lime pretreatment resulted 


in a relatively low TRS yield and the separation of insoluble lime 
was difficult, only the recycle of KOH and ammonia solution were 
investigated. The data in Fig. 3 suggested that TRS yield after enzy¬ 
matic hydrolysis declined with recycle times of KOH solution. 
Meanwhile, the pH of obtained spent liquor showed distinct de¬ 
crease mainly due to the alkalinity consumption by the biomass 
such as saponification reaction between alkali and lignin or other 
components in pretreatment process (Sun and Cheng, 2002). 
Pedersen and Meyer (2010) had reported that at mild conditions 
the pretreatment pH was a significant factor influencing the re¬ 
moval of lignin and the subsequent enzymatic hydrolysis. The re¬ 
sults of present study were in accordance with their conclusion. 
Besides, the solubility of lignin in spent liquor might also play a 
dominant role in recycling process (Zhao and Liu, 2012). The pre¬ 
treatment effect of KOH solution after recycle for 3 times was poor 
(Fig. 3) which probably because the dissolved lignin concentration 
in the spent liquor reached to saturated state. According to Fig. 3, 
the KOH solution could be recycled for 3 times. This meant 2/3 
of KOH consumption was saved, which would make great sense 
to decrease the cost of pretreatment. However, the spent ammonia 
liquor showed low efficiency for recycle (data not shown) presum¬ 
ably due to its highly volatile ability. Qiao et al. (2011) had re¬ 
ported the sulfuric acid solution could be recycled to process 
fresh SMS for four times. 

3.6. CAA pretreatment-enzymatic hydrolysis process 

Costs and pollution were the main drawbacks for converting 
lignocellulose to reducing sugars. As shown in Fig. 4a, in conven¬ 
tional acid or alkali pretreatment-enzymatic hydrolysis process, 
the emission of spent alkali or acid pretreatment liquid caused 
environmental pollution and chemical wastes. Moreover, the buf¬ 
fer added for enzymatic hydrolysis also increased the cost of the 
whole process. Besides, some reducing sugars were attained in acid 
pretreatment liquor (Qiao et al., 2011), the separation and 
utilization of these sugars made the process more complex. The 
method of CAA pretreatment followed by enzymatic hydrolysis 
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Hydrolysate addition (g) 


Fig. 6. Cell density of P. farinose FL7 grown in SMS residue with addition of SMS hydrolysates. Displayed data represented averages of three independent experiments. 


was innovatively proposed in this study to realize a low-cost and 
zero-emission process (Fig. 4b). KOH and ammonia were used as 
alkaline reagents and sulfuric acid as acid reagent for their proven 
pretreatment efficiency. 

An overall mass balance diagram describing the process from 
CAA pretreatment to enzymatic hydrolysis was shown in Fig. 5. 
For CAA pretreatment, 4.0 g SMS was soaked in a 1 M KOH solution 
(3 times recycle) at a solid loading of 10% and pretreated for 90 min 
at 80 °C. Another 4.0 g SMS was soaked in a 10 M ammonia solu¬ 
tion at a solid loading of 10% and pretreated for 120 min at 70 °C. 
3.2 g SMS was soaked in a 4% sulphuric acid solution (4 times re¬ 
cycle) at a solid to liquid ratio of 1:16 and pretreated for 120 min 
at 120 °C. Then the three batches of solid-liquid mixtures were 
mixed together for enzymatic hydrolysis. Enzymes were directly 
added to the obtained mixture with a loading of 20 FPU cellulase 
and 200 XU xylanase per g solids, and then enzymatic hydrolysis 
was performed at 40 °C for 72 h. After enzymatic hydrolysis, 
4.65 g solids were recovered which could be converted directly 
to biofertilizer as discussed in Section 3.7. Meanwhile, 2.62 g TRS 
containing 2.02 g glucose, 0.46 g. xylose, and 0.05 g arabinose were 
attained in the enzymatic hydrolysates. These values are important 
in determining the overall yield of ethanol or other bioproducts in 
fermentation which is the next processing step following enzy¬ 
matic hydrolysis. 

The mass balance of CAA pretreatment-enzymatic hydrolysis 
process indicated that a TRS yield of 233.6 mg/g raw SMS was at¬ 
tained. The inhibitors such as lignin degradation products might 
cause some loss of enzyme activity. Increased enzyme dosage of 
25 FPU cellulase and 250 XU xylanase per g solids led to a TRS yield 
of 254.7 mg/g raw SMS which was comparable to that of KOH pre¬ 
treatment followed by enzymatic hydrolysis with 20 FPU cellulase 
and 200 XU xylanase per g solids. This demonstrated a higher en¬ 
zyme loading was required in enzyme hydrolysis after CAA pre¬ 
treatment in order to compensate for the loss of free enzyme 
activity. However, it should be noticed that CAA pretreatment- 
enzymatic hydrolysis process was conducted without filtration, 
washing, buffer addition and emission of pretreatment liquor. Fur¬ 
thermore, sugars produced after sulphuric acid pretreatment and 
that after enzymatic hydrolysis were both existed in the final 


hydrolysates which could be used for fermentation conveniently. 
Therefore, an economic evaluation considering the total process 
was needed for further comparing the CAA pretreatment-enzy- 
matic hydrolysis process with conventional pretreatment-enzy- 
matic hydrolysis processes. 

3.7. Biofertilizer preparation 

The SSF medium was mainly prepared from dried SMS residue 
and hydrolysates after CAA pretreatment-enzymatic hydrolysis 
process. SMS residue was added as nutrients for the growth of P. 
farinose FL7 as well as a solid carrier. The SMS hydrolysates con¬ 
taining reducing sugars could serve as a carbon source for microbes 
(Qiao et al., 2011). 

The SSF medium facilitated the growth and biomass production 
of P. farinose FL7 during the fermentation significantly. A rapid in¬ 
crease in biomass concentration within the initial 5 days was ob¬ 
served and the growth slowed down during the later stages of 
fermentation probably due to limitation of nutrients. The best 
addition of SMS hydrolysates was 40 g which led to the maximum 
colony density of 3.0 x 10 8 cfu/g biofertilizer (Fig. 6) at the fifth 
day which illustrated 40 g hydrolysates contained sufficient sugars 
for the growth of P. farinose FL7. However, the addition of more 
than 40 g hydrolysates resulted in a lower biomass accumulation 
probably due to the inhibition effect high concentration of ions, 
such as ammonium, sulfate and potassium exerted on the growth 
of P. farinose FL7. This indicated the SMS residue and a small por¬ 
tion (about 9%) of obtained hydrolysates could be used for produc- 
ding biofertilizer through a SSF process.At the end of fermentation, 
the SSF medium became softer and darker due to the degradation 
of SMS residue by the inocula. Moisture of the medium reduced to 
about 60% at the end of fermentation from the initial value of 70%. 
A decrease of pH from 7.0 to 5.2 was also observed. 

In other researches of conversing agricultural wastes to biofer¬ 
tilizer, nutritions especially carbon source, such as starch (Ogbo, 
2010) and corn flour (Zhu et al., 2012), were added for the growth 
of biofertilizer organism during fermentation. In this study, 
the SMS hydrolysates were added to supply nutritions in the 
biofertilizer production, which provided a novel application of 
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the hydrolysates. Such a product would not only present a viable 
means of disposing treated biomass wastes, but could supply phy¬ 
to-essential elements remaining in SMS hydrolysates, such as 
ammonium, sulfate and potassium which further enhanced the 
biofertilizer efficacy, which could result in considerable economic 
and environmental benefits. 

4. Conclusions 

The study showed that SMS could be a potential feedstock for 
reducing sugar production by alkali pretreatment under moderate 
conditions. A positive correlation between lignin removal and 
enzymatic digestibility was observed. The hemicellulose removal 
and cellulose crystallity decrease could also enhance enzymatic 
saccharification. As a low-cost and zero-emission process, CAA pre¬ 
treatment followed by enzymatic hydrolysis proved effective and 
further improvement was possible if the inhibitors in the solution 
were removed. In summary, converting SMS to reducing sugars 
and producing biofertilizer with SMS residue from hydrolysates 
represented a valuable pathway for comprehensive utilization of 
a mushroom industry by-product. 
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